Human aortic endothelial cells (EC) and smooth muscle cells (SMC) were isolated and used to form a multilayer of EC-SMC separated by a layer of collagen. SMC and/or collagen layers exerted minimal effects on Na' transport but impeded the transport of LDL. The presence of an endothelial monolayer markedly reduced the transport of Na' and LDL. When monocytes were presented to the complete coculture, in the absence of added chemoattractant, one monocyte entered the subendothelial space for every one to three EC present. In contrast, neither collagen nor SMC plus collagen nor EC plus collagen induced comparable monocyte migration. Despite massive migration of monocytes into the coculture, no significant alteration in Na+ transport was observed. LDL transport into the preparation during massive monocyte migration increased modestly, but this was far less than the amount of LDL transported in the absence of an endothelial monolayer. We conclude that (a) the endothelial monolayer was the principal permeability barrier, (b) a substantial migration of monocytes occurred in the absence of added chemoattractant when both EC and SMC were present in the coculture, (c) endothelial barrier function was largely maintained after monocyte migration; and (d) these experiments indicate the need to study all three cell types (monocytes, EC, and SMC) together to understand the complex interactions that occur between these cells.
Introduction
Investigation ofthe interactions that occur between the cells of the artery wall and blood components is essential to understanding normal vascular biology and the pathogenesis of such various conditions as atherosclerosis, tumor invasion, and inflammation. Such investigations, however, require appropriate techniques and systems, which several groups of investigators have attempted to establish. In all blood vessels except capillaries, endothelial (EC)' and smooth muscle cells (SMC) coexist in close apposition. To study the interactions of vascular cells, resistance; FBS, fetal bovine serum; IEL, internal elastic lamina; M 199, medium 199; SMC, smooth muscle cells. Jones (1) cultured bovine EC on layers of rat SMC. Studies using this preparation indicated that the substratum had marked effects on the attachment and growth kinetics of EC (1). Merrilees and Scott (2) showed that the coculture of EC and SMC resulted in an increased production of hyaluronic acid and glycosaminoglycans as compared with the separate cultures of the two cell types. Using special coculture techniques, Davies and colleagues (3) demonstrated that EC-SMC interactions produced an increased receptor-mediated uptake and degradation of LDL by SMC. Hajjar et al. (4) reported that EC reduced cholesterol ester hydrolysis in cocultured SMC, compared with that in SMC cultured without EC. Moreover, the proliferation rate of SMC decreased by 50% in the coculture with EC (4) . More recent studies by Hajjar and colleagues (5) have demonstrated that eicosanoids secreted from confluent EC significantly stimulated lysosomal cholesteryl esterase activity in cocultured SMC. Apparently, the state of EC growth and degree of confluence of EC on cocultured SMC can influence the modulation ofcholesterol ester catabolism in cocultured SMC (5) . Moving closer to reconstitution of a blood vessel in vitro, Weinberg and Bell have reported the development of a blood vessel model that reproduces many of the physical and biological characteristics of an artery (6) . These investigators reported that their vessel model was able to withstand physiological pressure; the endothelial cell lining produced prostacyclin and vWf and functioned as a permeability barrier to albumin (6) . However, because of the complexity of the model and the need to cannulate this model to perform metabolic experiments, the use of this model apparently has the same limitations as an isolated artery taken from an animal. The number of experiments thus is limited and there is as yet no evidence that repeated experiments on the same vessel are feasible.
Several in vitro systems have been designed to study the interaction and transport of blood components across endothelial monolayers. Taylor and colleagues (7) studied the interaction of neutrophils with endothelial monolayers grown on micropore filters. Shasby and colleagues (8) reported that granulocytes increased the movement of albumin across the EC monolayers by elaborating oxygen radicals. The increased permeability was reversible and depended on changes in EC shape and actin filaments which were related to EC calcium homeostasis (8) . Territo et al. (9) reported that monocyte migration across EC monolayers produced increased LDL and albumin transport. Stoll and Spector (10) Aortic cells. Human aortic EC and SMC were isolated from aortic specimens obtained from the heart donors ( 18±3 yr old) in our heart transplant program. A segment of the ascending aorta was dissected out and immediately placed in growth medium. This medium consisted of M 199 containing 20% fetal bovine serum (FBS), supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 ug/ml streptomycin. The aortic specimens were maintained in the growth medium supplemented with 20 ,g/ml EC growth factor and 90 ltg/ml heparin and kept at 4°C until used. EC were isolated in a device developed for this purpose that allowed us to initially expose only the endothelium to enzymatic digestion. The device was constructed from polycarbonate and is composed of two plates. The bottom plate serves as a base and the top plate has openings of different diameters for specimens of various sizes. The aortic tissue was securely held between the two plates and the enzyme solution (0.1% wt/vol collagenase in M199) was introduced into the well that was formed over the endothelium. After three consecutive 10-min intervals at 37°C, and dislodging of EC by a stream of M 199 at the end ofeach interval, the cells were washed with M199 containing 10% FBS (note that FBS used in media for washing and seeding of cells was not heat inactivated), and seeded in wells that were previously coated with 1% gelatin and treated with 1 Mg/cm2 human fibronectin. The remaining EC were removed with a sterile cotton applicator and further digestion of the aortic specimen was carried out using the enzyme mixture described by Colucci et al. (13) for the isolation of SMC. Human aortic EC were identified by their typical cobblestone morphology, presence of Factor VIII-related antigen, and uptake of acetylated LDL labeled with 1,1'-dioctadecyl-1-3,3,3',3'-tetramethyl-indo-carbocyanine perchlorate (Dil-acetyl-LDL) (14) . Human aortic SMC were identified morphologically and immunohistochemically using HHF35, which was then visualized by a fluorescently labeled second antibody or using a biotin-streptavidin complex immunoperoxidase system (15 . After 3 h of incubation at 370C, the EC had attached to the collagen surface, the cells were gently washed with M199 containing 10% FBS, and the units were placed upright. The plugs were removed from the basal side, complete growth medium was placed in the wells on both sides of the filter, and EC were allowed to grow and cover the entire surface of the collagen layer. After 24-48 h, the electrical resistance across the multilayers was determined using an electrode and measuring system described previously (1 1) . Only preparations with an electrical resistance (ER) of > 12 Q * cm2 were used for these experiments, and hence a confluent endothelial monolayer was always present over the entire coculture. LDL transport. Human LDL was isolated from the sera of fasting human donors by sequential ultracentrifugation at d = 1.019-1.063 g/ml (18) . lodination of LDL was performed by the method of McFarlane (19) as modified by Bilheimer et al. (20) . The concentration ofeach lipoprotein is given as the protein concentration determined by the method of Lowry et al. (21) . Study of the transport of human '25I-LDL (60,000 cpm/Mg) into the EC-SMC coculture was carried out as follows: a solution of '251-LDL (100 Mg/150 Ml) in M199 containing 10% heat-inactivated FBS (M199-FBS) was placed on the endothelial side of the multilayer in the well above the filter with the unit on its side; the well below the filter had previously been plugged and contained the same medium as that in the upper well but without added LDL. After 90 min in a 37°C incubator, the ER across the filter was determined and the media on both sides ofthe filter were removed and saved for LDL determination. The multilayers were washed twice with I ml of M199 at 37°C and were used for biochemical or histologic studies. For quantitation of LDL, the multilayers were scraped from the filters and were transferred to microfuge tubes in 0.5 ml of M 199 containing 10% bovine serum. After 5 min of vigorous homogenization, the TCA-precipitable 1251 radioactivity was determined.
Monocyte migration. Human blood monocytes were obtained by counterflow centrifugation as described by Fogelman and associates (22) or by a modification of the procedure of Recalde (23). For migration studies, 5 X 105 monocytes were presented to the endothelial side ofthe multilayer (containing 25 Ml of added collagen and with the unit on its side and filter and multilayer in a horizontal position) in the presence or absence of a gradient of the chemotactic factor FMLP added at a concentration of 1 X 10-8 M. This concentration of FMLP was chosen after study of monocyte chemotaxis across human endothelial monolayers on filters in response to concentrations of FMLP ranging from 1 X 10-9 to 1 x 10-6 M. The concentration of 1 X 1o08 M was found to produce the maximum directed migration of monocytes (data not shown). To determine the role of each component of the multilayer in the migration of monocytes in the absence of added chemoattractant, the following preparations were prepared and studied: (a) a layer of collagen alone (25 giO) on filter, (b) SMC grown on a filter and covered with a layer of collagen, (c) an EC monolayer grown on a layer of collagen previously formed on a filter, and (d) the complete multilayer composed of SMC grown on a filter covered with a layer of collagen with an EC monolayer grown on top of the collagen layer. For quantitation of monocyte migration, the preparations were embedded in paraffin and 4-jsm transverse sections were prepared as described below (see Histology). The sections were treated with HAM56 stained with an avidin-biotin immunoperoxidase system (15), and counted under 400 or 1,000 magnification in randomly selected fields from each condition. Statistical significance was determined using the t test. A P value of < 0.05 was considered significant. Histology 
Results
Human EC-SMC coculture. A multilayer of human aortic SMC grown on a micropore filter was covered with a gel layer of native collagen and a monolayer of human aortic EC was grown on top of the collagen layer. As demonstrated in Fig. 1 A, the thick collagen layer, resembling the internal elastic lamina (IEL) in large arteries (25), separated the SMC layers from the endothelial monolayer that expressed Factor VIII-related antigen ( Fig. 1 B) . The transverse section shown in Fig. 1 C depicts a preparation in which a smaller volume of collagen (10 vs. 25 Ml for A and B) was layered over the SMC, producing a thinner collagen layer between the EC and SMC resembling the IEL in small elastic arteries (25). Exposure ofthis coculture to human monocytes resulted in monocyte attachment to the EC (Fig. 2) followed by monocyte migration across the endothelial monolayer into the collagen layer of the subendothelial space (Fig. 2 C) . The monocytic nature of the leukocytes that attached to the EC and migrated into the subendothelial space was confirmed with a MAb to the human monocyte-macrophage HAM56 (15). As noted by Gown and co-workers (15), HAM56 also reacted slightly with some of the EC (Fig. 2 C) . After the exposure of 5 X 10 monocytes to the multilayer for 90 min in the absence of added chemotactic factor (FMLP), 1.1±0.3 X 105 monocytes migrated across the endothelial monolayer into the collagen layer (Fig. 3) . This was 38% of the maximum monocyte migration (2.8±0.4 X l05 cells/90 min)
induced by a gradient of FMLP added at a concentration of 1 X 10-8 M (Fig. 3) . The number of monocytes that entered the subendothelial space made up 22±6 and 57±8% ofthe 5 X 105 monocytes that were presented to the endothelial side of the preparation in the absence or presence of FMLP, respectively. To determine the role of each component of the coculture in the migration of monocytes in the absence of added chemoattractant, the experiments shown in Fig. 4 were performed. Collagen alone had a minimal effect on monocyte migration; only 0.81±0.76% of the added monocytes entered the collagen layer. SMC plus collagen or EC plus collagen induced only 2.79±1.88 and 1.98±1.91% of monocytes to migrate into the collagen layer, respectively. However, EC and SMC together with collagen induced 11.18±4.07% of the monocytes to migrate into the subendothelial space of the multilayer preparation (Fig. 4) . The experiments in Fig. 4 represent the mean± 1 SD of values obtained in four separate experiments. In these experiments, which were conducted in the absence of added chemoattractant, one monocyte migrated into the subendothelial space for every two to three EC present in the preparations containing EC and SMC together with collagen. In four out of four of these experiments, the monocyte migration induced by the preparations containing EC and SMC together with collagen was greater than the sum of that induced by EC and collagen plus that induced by SMC and collagen.
Permeability studies. The human aortic EC grew and formed a monolayer on polycarbonate filters and developed a peak electrical resistance (ER) of 14.2±1.6 U. cm2 at confluence. As previously demonstrated, ER is an excellent measure of sodium ion transport (11) . SMC seeded on micropore filters grew to confluence and formed multilayers covering the entire surface of the filter. The SMC multilayers did not produce a significant impediment to the movement of small ions such as Na', as indicated by the low ER of 3.1±0.6 j . cm2. However, the SMC multilayers partially inhibited the transport of LDL, as 2,048+81 ng LDL/90 min was transported across the SMC multilayer on the filter to the basal compartment, compared with 14,030±1,048 ng LDL/90 min transported across filters without cells or collagen. Collagen alone (25 1l) on filters without cells did not present a significant barrier to the transport of Nae as measured by ER (0.31±0.2 Q cm2). The collagen layer in the absence ofcells accumulated significant amounts of LDL and markedly reduced the transport of LDL from one side of the filter to the other. Large quantities (6,039±475 ng) of LDL were contained in the collagen layer and 1,820±178 ng LDL/90 min was transported across filters with collagen (without cells). In other experiments, the LDL content ofcollagen layer was determined to be proportional to the amount of collagen added in the multilayer. The presence of 25 Al of collagen on the filter thus resulted in the retention of 6,590±951 ng of LDL, compared with 3,650±491 ng of LDL retained by 10 Ml of collagen gel. The presence of EC on the collagen layer increased the ER of the preparation by threefold (from 4.8±1.0 to 14.2±1.7 U _ cm2). Monocyte diapedesis across the EC monolayer along a gradient of the chemoattractant FMLP added at a concentration of 1 X 10-8 M did not significantly change the transport of Na+, as indicated by a lack of significant alteration in ER (14.6±1.3 and 12.9±1.8 Q-_cm2 before and after monocyte diapedesis, respectively). The presence of the endothelial monolayer produced a 47-fold reduction in the LDL content of the collagen layer (from 6,039±475 to 128±19 ng LDL/25
Mg of collagen gel, Fig. 5 ). The amount of LDL that was transported across the endothelial monolayer and was retained by the collagen layer increased significantly, from 128±19 to 251±31 ng LDL/25 Mg ofcollagen gel, P < 0.001, when monocytes were induced to diapedese across the endothelial monolayer by a gradient of FMLP added at a concentration of 1 X 10-8 M (Fig. 5 ). This concentration of FMLP had been determined to induce maximal migration of human monocytes across a monolayer of human aortic EC on filters (data not shown). Note that the increase in the LDL content of the collagen layer produced by monocyte transmigration in re- The presence of FMLP on the basal side without monocytes on the endothelial side did not produce an increase in the LDL content of the collagen layer. Exposure of the multilayer to monocytes in the absence of added FMLP did not result in a significant increase in the LDL content of the collagen layer (Fig. 5) , despite a marked monocyte migration (Figs. 2 and 4) . The amount of LDL transported across the preparations is shown in Fig. 6 . The data in Fig. 6 and LDL, whereas the collagen layer selectively reduced the movement of LDL but not that of sodium ions. Several groups of investigators have demonstrated that the vascular endothelium is the primary barrier to the transport of various molecules into the vessel wall (26) (27) (28) . Chobanian and colleagues (27) reported that the removal ofrabbit carotid artery endothelium induced a 10-fold increase in permeability to 251I-albumin and a threefold increase in the transport of [3H]3-methyl-D-glucose into the artery wall. Ramirez et al. (28) found that the removal of rabbit aortic endothelium increased the concentration of tracer '25I-albumin in the medial layer 10-40-fold. O'Donnell and Vargas (29) determined the hydraulic conductivity and the ER of rabbit aortas before and after detergent removal of the endothelium and found that the endothelium contributed > 50% of the total artery wall ER (9.7±4.1 and 18.4±6.5 Q cm2, respectively). These ER values are remarkably similar to those reported in this study of human cells, as well as that previously reported for cultured rabbit aortic endothelial cells (1 1, 12) . Work from several laboratories has shown that there is a strong attraction between human monocytes and endothelial cells in culture (30-32). Pawlowski and colleagues (30) reported a high degree ofattachment of monocytes (8-10 monocytes per EC) after 60-90 min of incubation at 370C. Migliorisi and colleagues (32) reported that when they incubated human monocytes with human umbilical vein EC, -10% of the monocytes migrated across the EC monolayer in the absence of an added chemotactic factor. This value increased to 25-35% when they produced a chemotactic gradient by addition of leukotriene B4 or FMLP to the basal side of the endothelial monolayer (32). Furie and colleagues recently studied neutrophil migration across monolayers of EC (33) . After 1-2 h of incubation, 29±12% ofthe neutrophils emigrated through the endothelial monolayer grown on human amnion connective tissue.
More than two decades ago, Florey and Grant (34), Still and Marriott (35) , and Geer (36) presented evidence for the possible role of monocytes in the development of the atherosclerotic lesion. A decade later, Gerrity and colleagues reported that monocyte invasion of the subendothelial space was the earliest cellular event in the development of atherosclerotic lesions in cholesterol-fed swine (37) . Subsequently, Ross and colleagues confirmed that monocyte invasion of the intima was the earliest cellular event in monkeys and rabbits on an atherogenic diet (38) . In all these studies, by morphologic criteria, the integrity of the endothelium appeared to be initially maintained despite a massive monocyte migration into the subendothelial space. from EC-SMC cocultures exposed to human monocytes in the presence (+) or absence (-) of the added chemoattractant FMLP were stained with HAM56, an MAb to human monocyte-macrophage, and counted under a magnification of 400 or 1,000. The data represent mean± 1 SD of the number of monocytes in each collagen layer calculated from the number of monocytes in 960 randomly selected fields from 18 sections taken from three preparations exposed to monocytes in the absence of FMLP and 692 randomly selected fields from 22 sections taken from five preparations exposed to monocytes in the presence of FMLP. *P < 0.001. As seen in this figure, for every endothelial cell present in the monolayer, one to three monocytes entered the subendothelial space in the absence or presence of FMLP, respectively.
In this study, a massive monocyte migration (one to three monocytes per EC) into the EC-SMC coculture occurred without a substantial loss of endothelial barrier function. The mechanism of leukocyte migration across the endothelium remains to be explained, but regardless ofthe path taken, monocyte migration does not seem to severely disrupt the endothelium. Furie et al. (33) reported that morphologically close contacts persisted between neutrophils and EC throughout migration. The contacts between EC and migrating neutrophils nearly always appeared intact. Nash and colleagues (39) have reported on the transmigration of neutrophils across a monolayer ofthe epithelial cell line T84, which produces a very high ER (1,100 Q -cm2). At low neutrophil/epithelial cells ratios ( 1:10), there was no significant alteration of the ER after neutrophil migration (39) . Moreover, the ER reduction observed when high neutrophil densities (10 for each epithelial cell) were used was reversed in < 24 h (39) .
When human monocytes were added to the endothelial side of the EC-SMC coculture, a substantial migration of monocytes into the subendothelial space occurred in the absence of added chemoattractant (Fig. 3) . The induction of monocyte migration in the absence of added chemoattractant is consistent with the presence of endogenous factors chemotactic for monocytes. Berliner and colleagues (40) have demonstrated that rabbit aortic and human carotid artery EC in culture produce chemotactic factor(s) for human blood monocytes. Jauchem SMC secreted monocyte chemotactic activity in culture (41) . Mazzone (43) . Freudenberg and Riese (44) found that 10% of all the cells in the endothelium of rat aorta were white blood cells, with monocytes accounting for 80% of the leukocytes. In normal swine, Gerrity and associates (37) found mononuclear cells adherent to the endothelium in 17-23% of the sections and found mononuclear cells in the subendothelial space in 4% of sections taken from sites of predilection (areas of increased permeability). Monocyte-like cells have also been seen in normal rabbit aorta (45) and normal human aorta (36) . In the two studies in which a comparison was made between the number of monocytes and macrophages, there were many more monocytes than macrophages. This suggests that the movement of monocytes The increase in LDL transported to the basal side was statistically significant after monocyte diapedesis; however, the amount of the additional LDL transported was very small compared with that in the absence of an endothelial monolayer.
into and out of the intima may be a normal event, and under normal circumstances only a small number of these cells will be converted into macrophages in the artery wall (45) . Gerrity and Schwartz (46) , Mitchell and Schwartz (47) , and Cornhill et al. (48) have demonstrated that atherosclerotic lesions develop at predictable sites in the arterial tree. These sites of increased monocyte adherence, diapedesis, and increased arterial permeability are sites of low shear stress (49) (50) (51) . The conditions of our coculture may maximally exaggerate these conditions and may allow us to explain the mechanisms of the interactions between blood components and the cells of the artery wall.
